ABSTRACT: Realization of Quantum information and communications technologies requires robust, stable solid state single photon sources. However, most existing sources cease to function above cryogenic or room temperature due to thermal ionization or strong phonon coupling which impede their emissive and quantum properties. Here we present an efficient single photon source based on a defect in a van der Waals crystal that is optically stable and operates at elevated temperatures of up to 800 K. The quantum nature of the source and the photon purity are maintained upon heating to 800 K and cooling back to room temperature. Our report of a robust high temperature solid state single photon source constitutes a significant step towards practical, integrated quantum technologies for real-world environments.
INTRODUCTION
Modern light-based technologies require sophisticated materials growth and device engineering techniques to achieve optimum performance under ambient conditions. Optically active defects in solids are a vital part of numerous such technologies spanning light emitting diodes (LEDs) 1, 2 , lasers 3 , sensors 4, 5 and communications 6 . An emerging application of localized individual defects is their use as single photon sources (SPSs) in integrated nanophotonics and quantum information processing schemes that utilize individual photons as information carriers 7, 8, 9, 10 . For such applications to become a reality there is an urgent need for robust, on-demand SPSs. Furthermore, these sources should be optically active in harsh environments and at elevated temperatures that are typical of high density integrated circuits.
Hence, over the last decade, research into solid state SPSs -quantum dots (QDs) and color centers -has accelerated dramatically. Quantum dots mostly operate only at cryogenic temperatures because of low carrier binding energies and thermal ionization at elevated temperatures 11, 12 . On the other hand, color centers in solids (defects and impurities, also known as artificial atoms) often have deep electronic states that enable SPS operation near room temperature (RT) 13, 14, 15 . However, both QDs and color centers typically suffer from efficient coupling between electrons and lattice phonons that results in an overall reduction of brightness at higher temperatures.
In this work, we report a solid state SPS that operates at temperatures as high as 800 K. The SPS maintains its quantum nature during a high temperature thermal cycle -that is, the photon purity (defined as the fraction of single photon emission events) does not decrease upon heating, and the SPS optical properties are preserved after heating up to 800 K and cooling back to room temperature, as would be required for practical on-chip devices. The SPS is a deep trap defect in layered hexagonal boron nitride (hBN) -a van der Waals crystal with a wide indirect bandgap of ~ 6 eV 16 and favorable thermal, chemical and mechanical properties 17, 18 . The recently-discovered SPSs in hBN are extremely bright, chemically stable, fully polarized, and exhibit a broad range of emission colors 19, 20, 21, 22, 23, 24, 25 . Given the two dimensional (2D), layered nature of hBN and the extreme thermal stability of the SPSs demonstrated here, fabrication of hybrid photonic systems is a promising potential path to high density integrated circuits designed to withstand heating that occurs during operation at RT.
MATERIALS AND METHODS
A schematic illustration of hBN on a hot substrate is shown in figure 1a . The sample consists of a few-layer flake of atomically thin hBN bonded by van der Waals forces. The hBN flakes (Graphene Supermarket) were dropcast onto a silicon wafer and annealed in a tube furnace at 850 °C for 30 minutes under 1 Torr of Argon to activate the SPSs 19 . To perform the heating experiments, we use a purpose-built vacuum chamber with a thin quartz window and a long working distance, high numerical aperture (0.7) objective, shown in figure 1b. The samples were mounted on a pyrolitic boron nitride heater, and the temperature was measured using a thermocouple fixed to the silicon substrate. A turbo molecular pump was used to achieve a base pressure of ~1×10 -6 mBar, and a 532 nm laser was used as the excitation source in the confocal photoluminescence setup. For all measurements except time-resolved photoluminescence, the laser power was fixed at 3 mW (measured before the window of the chamber). The collected light was filtered using a 532 nm dichroic mirror and an additional long pass filter. The collected light was sent either to a spectrometer (Acton Spectra ProTM, Princeton Instrument Inc.) equipped with a 300 lines/mm grating and a charged-coupled device (CCD) detector with a resolution of 0.14 nm or to a Hanbury Brown and Twiss set-up for single photon correlation measurement (figure 1c). The emitted light was coupled to an optical fiber and split to two paths into avalanche photodiodes in order to perform correlation measurements using a time correlated single photon counting module (Picoharp300TM, PicoQuantTM). Lifetime measurements were done with a 510 nm pulsed laser excitation source at 30 µw power with a 100 ps pulse width and 10 MHz repetition rate.
RESULTS AND DISCUSSION
Two SPSs in different hBN crystals were studied in this work. Figure 1c shows RT photoluminescence (PL) spectra recorded from the SPSs. The spectrum from SPS #1 consists of two peaks at ~1.94 eV and ~1.78 eV attributed to the zero phonon line (ZPL) and the phonon side band (PSB), respectively 19 . SPS #2 has a sharper ZPL centered at ~1.75 eV, and a negligible PSB (the emissions beyond ~1.8 eV are background). These particular two emitters were selected for the present study because their spectra are representative of the emission spectrum diversity that has been observed previously in hBN 19 (in terms of ZPL width and position, and PSB intensity).
After we identified reliable SPSs, we proceeded to the heating experiment. The temperature-dependence of each SPS was characterized by measuring its photophysical properties at 100 K increments during a 300 K -800 K -300 K thermal cycle. Figure 2a, b and figure 2c, d show autocorrelation functions and normalized PL spectra obtained from SPS #1 (blue data set) and SPS #2 (red data set) obtained during the heating phase of the thermal cycle, respectively. 
temperature, as is discussed below. The data show unambiguously that both sources are stable and can operate during and after exposure to temperatures as high as 800 K. The spectra red shift and broaden with increasing temperature, and the changes are reversible upon cooling back to RT (figure 3), demonstrating that the SPSs are not compromised by the thermal cycle. At 800 K, the ZPLs are centered at ~ 1.90 eV and 1.72 eV, and have a FWHM of ~ 80 meV and 70 meV for SPS #1 and SPS #2, respectively.
To figure 1d represent the filters used to collect the photons in the autocorrelation measurement. Figure 1e shows the curves recorded from each source at RT and fitted using a three level model. The antibunching dip below 0.5 at zero delay time 0 constitutes proof for the quantum nature of a photon source. The raw (uncorrected) values of g 2 (0) are 0.24 and 0.37 for SPS #1 and SPS #2, respectively. The background corrected autocorrelation data suggest that the deviation from g 2 (0) = 0 is due to residual background. The autocorrelation data were background corrected using the procedure described in reference 26 . Signal to background ratios (S/B) were calculated based on the counts Figure 3 . Temperature dependence of the quantum emission and photoluminescence of SPSs in hBN during cooling, (a) autocorrelation and (b) normalized PL spectrum measured at 100 K intervals from 800 to 300 K from SPS #1. (c) and (d) are equivalent data from SPS #2. The autocorrelation functions in (a) and (c) were offset for clarity. Solid curves are fit with a three level system. acquired when the excitation laser was focused on the source and when it was focused on the adjacent silicon substrate. The signal and background were measured at each temperature and the corrected coincidence (gc 2 ) was obtained using the equation, , where ρ is the signal-tonoise ratio S/(S+B) and g 2 () is the uncorrected photo-coincidence. The excited state lifetime was measured using a pulsed laser, and remained almost the same, around 3.5 ns, at all temperatures for both sources ( figure 4a,c) . In addition, both sources were stable and no blinking was observed at any temperature during heating to 800 K or cooling back to RT ( figure 4b,d) .
To analyze the efficiency and purity of the sources, g 2 (0) is plotted as a function of temperature for SPS #1 and SPS #2 in figure 5a and d, respectively. The data were collected during both the heating (full symbols) and cooling ("+" and "×" symbols) phases of the thermal cycle for each SPS. The results show that the photon purity is constant over the entire temperature range, with g and light orange) is also constant across the entire temperature range. To the best of our knowledge, these temperatures are the highest reported for a stable, operating quantum system, surpassing other materials systems, such as gallium nitride, by more than 400 K 27, 28 . We note that the scatter in the raw g To further analyze the effects of temperature on the optical properties of both SPSs, we recorded the ZPL energy, linewidth, and intensity as a function of temperature. The ZPL position of each source red shifts by ~40 meV upon heating to 800 K ( figure 5b, e) . A red shift is expected and attributed primarily to expansion of the substrate lattice upon heating, and electron-lattice interactions 29 . The ZPL linewidth broadens at a linear rate of 0.13 meV K for SPS #1 and SPS #2, respectively (figure 5b, e), which is caused primarily by interactions with lattice phonons 22 . The ZPL red-shift and broadening are reversible upon cooling back to room temperature, as shown by "×" and "+" symbols in figure 5b,e. The ZPL intensity decreases by a factor of ~ 5 and ~ 2 upon heating to 800 K for SPS #1 (figure 5c) and SPS #2 (figure 5f), respectively. A decrease is expected due to an increase in the efficiency of competing non-radiative recombination pathways with increasing temperature. Assuming one nonradiative pathway with activation energy E, the dependence of ZPL intensity (I) on temperature (T) can be described by 30 : (1) Here, I0 is the emission intensity at 0 K, A is a system-specific pre-exponential factor related to the nonradiative transition rate in the limit E0, and kb is Boltzmann's constant. Figure 6 shows a four level system used to explain the temperaturedependence of SPS#1 and SPS#2 in the framework of equation 1.
The experimental data from each source can be fit well using equation 1 (solid lines in figure 5c, f) only if both E and A are varied. The activation barriers are high in both cases (E ~ 0.25 eV and ~0.17 eV for SPS #1 and SPS #2, respectively) as expected, since bright luminescence is observed from both sources even at 800 K. However, the barriers do not explain the difference between the quenching rates of the two SPSs seen in figure 5c, f which is instead caused by a large difference in the pre-factor A (~206 and ~19 for SPS#1 and SPS #2, respectively). A is related to the transition rate k24/k42 shown in figure 6 . To understand the difference in A between SPS #1 and SPS #2, we consider the Huang-Rhys (HR) factor (estimated from the relative intensity of the ZPL and the PSB 31, 32 ) for each source. The values of the HR factors for SPS #1 (SPS #2) are 0.5 (0.3). The relatively low HR values indicate weak electron-phonon coupling in both cases, consistent with the fact that the sources operate efficiently even at 800 K. The fact that the HR factor of SPS #2 is smaller is consistent with the observation that it quenches more slowly upon heating (figure 5c, f), and is likely the reason for why A is smaller for SPS #2 than for SPS #1.
The difference is attributed to environmental fluctuations, which are believed to be responsible for the broad range of ZPL energies, widths and HR factors reported previously for quantum emitters in hBN 19, 22, 23 . Figure 6 . Simplified four level system used to explain the temperature-dependence of SPSs in hBN. The ground and excited states are labeled 1 and 2, 2.3 eV is the excitation energy used in our experiments, 1.94 eV (1.75 eV) is the ZPL energy of SPS #1 (SPS #2), E is the activation barrier in Equation 1, which equals 0.25 eV (and 0.17 eV) for SPS#1 (SPS#2), and k24 and k42 signify transition rates between states 2 and 4. The nonradiative recombination pathway proceeds through states 2, 4 and 3.
CONCLUSIONS
In conclusion, our work demonstrates robust SPSs that can operate at elevated temperatures of up to 800 K. The results open up exciting new possibilities to integrate hBN SPSs with large scale, on-chip quantum photonic and optotelectronic devices that work under ambient conditions or elevated temperatures. Our results also provide vital information on stability, phonon coupling and photophysical properties of defects in layered materials, stimulating further research in this area. 
